The nitrogen content of SiO 2 /SiC ͑4H͒ structures annealed in NO and N 2 O has been measured using nuclear reaction analysis. Samples were annealed in 15 14 cm Ϫ2 , both of which are an order of magnitude lower than in SiO 2 /Si. In the NO anneal, N is predominantly incorporated near the SiO 2 /SiC interface with an atomic concentration of ϳ0.5%. As in the nitridation of SiO 2 /Si, two features are observed in SiO 2 /SiC after the NO anneal: a surface exchange of O in the oxide with the gas phase and NO diffusion and reaction at the interface. The surface exchange reaction in SiO 2 /SiC is similar to SiO 2 /Si, but there is a large difference in the incorporation of N at the interface. © 2000 American Institute of Physics.
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Silicon carbide is in the early stages of development for use in metal-oxide-semiconductor ͑MOS͒ power devices. Like Si, SiC thermally oxidizes to form SiO 2 , however, the oxidation kinetics and oxide interface are different from Si and are still not well understood. The oxidation rate of SiC is more than a factor of 10 lower than that of Si and the interfacial quality and carrier mobility of SiC are inferior to Si. 1, 2 Refinements in cleaning and oxidation techniques have improved the oxide and interfacial quality of SiO 2 /SiC, but more work remains to be completed before reliable devices can be made. 3, 4 Oxynitride films on Si have better device reliability, dopant diffusion resistance, and dielectric quality than pure oxide films. 5, 6 Methods for manufacturing oxynitride films include annealing oxides in N 2 O or NO, with NO thought to be the species responsible for incorporating N into the oxide. 7, 8 Nitrogen is typically incorporated near the SiO 2 /Si interface 8, 9 at concentrations of ϳ10 15 cm Ϫ2 , although the actual profile is a complicated function of the gaseous species and the temperature cycle. The atomic process for the incorporation of N in the oxide is thought to involve NO interstitial diffusion through the oxide to the interface where it reacts, leaving N and O and promoting new film growth. 10 Initial studies of oxynitrides on 6H-SiC have shown improved MOS interfacial quality after a NO anneal by reducing the interface state and fixed charge densities, but with a worse quality after a N 2 O anneal. 11, 12 These results are surprising considering that N incorporation at the SiO 2 /Si interface does not decrease the interface trap density. Using secondary ion mass spectrometry ͑SIMS͒, it has been found that a NO anneal incorporates N near the SiO 2 /SiC ͑4H͒ interface, but the amount of N has not been determined. 13 In this letter we determine the amount and location of N and O incorporated in SiO 2 /SiC samples after annealing in 15 Silicon-faced ͑8°off axis͒ 4H-SiC wafers with a p-type substrate and epitaxial layer, doped 2ϫ10 16 cm Ϫ3 , were used in this work. For comparison, n-type ͑100͒ Si wafers with a resistivity of у10 ⍀ cm were used. All samples were etched in a 10% HF solution before oxidation and were thermally oxidized in a resistively heated quartz tube furnace. The SiC samples were oxidized in wet oxygen for 30 min at 1150°C, and the Si samples were oxidized in dry oxygen ͑Ͻ2 ppm H 2 O͒ for 25 min at 900°C. The oxide thickness for the SiC substrates was Ϸ30 nm and Ϸ20 nm for Si. 15 N at 151 keV, respectively, and a tilted sample geometry ͑ϭ65°). The measured excitation curves (␥ or ␣ yield versus incident proton energy͒ around the resonance energy were converted into concentration versus depth profiles using the SPACES code. 18 O accumulation at the interface, while there is little or no new oxidation in the SiC samples. These results again confirm the difference in the oxidation rates of SiC and Si, but also indicate that the surface exchange mechanism is identical for oxides on SiC and Si. Since the exchange reaction is solely a characteristic of the oxide and not the substrate, this is further evidence that the oxide on SiC behaves chemically as the oxide on Si.
In the SiO 2 /SiC samples annealed in 15 N 2 O, the amount of N incorporated is ϳ10 13 cm Ϫ2 , which is near the detection limit of NRA and prevents resonance profiling. This amount of incorporated N is again an order of magnitude smaller than the amount of N in the SiO 2 /Si samples, which is ϳ10 14 cm Ϫ2 . These results are particularly meaningful considering the electrical properties of oxynitrides on SiC reported in Refs. 11 and 12. In their work the authors show that rapid thermal annealing of SiO 2 /SiC in NO at 1100°C significantly decreases the interface trap density D it , while N 2 O anneals actually increase D it . Our work shows a small but definite incorporation of N near the SiO 2 /SiC interface from the NO anneal and considerably less N from the N 2 O anneal. It is known that during thermal exposure to NO at temperatures Ͼ1000 K, the NO concentration remains fairly constant, with small amounts of N 2 and O 2 formed. 16 Conversely, N 2 O readily decomposes into N 2 (Ϸ60%͒, O 2 (Ϸ25%͒, and (NOϷ15%͒, and the dominant reaction for annealing oxide films in N 2 O is the dry oxidation of the substrate. 17 Evidently annealing in N 2 O not only incorporates very little N because of the low NO concentration, but also leads to a poor quality, dry oxidation of the SiC, which is known to produce a higher interface trap density.
1,2 The reoxidation technique ͑annealing SiO 2 /SiC in wet oxygen at 950°C͒ is known to dramatically improve the interfacial quality without any appreciable new oxide growth. 4 The incorporation of N at the SiO 2 /SiC interface may offer benefits similar to the O at 1000°C for 1 h ͑dotted͒ and 4 h ͑solid͒. The origin corresponds to the surface, the SiO 2 /SiC interface is at Ϸ30 nm, and the SiO 2 /Si interface is at Ϸ20 nm. O at 1000°C for 1 h ͑dotted͒ and 4 h ͑solid͒. The origin corresponds to the surface, the SiO 2 /SiC interface is at Ϸ30 nm, and the SiO 2 /Si interface is at Ϸ20 nm.
reoxidation anneal, which also could explain the consequences of the NO and N 2 O anneals.
The results described here also address the interesting question of the mechanisms of nitrogen incorporation at the interfaces of SiO 2 /semiconductor systems. It is not obvious that N should incorporate at the interface of either the Si system or the SiC system. The clear observation that the interface is the preferred location in Si has given rise to a number of suggestions for the driving force for this phenomenon. One suggestion is a stress reduction mechanism that supposes the stress between Si and its oxide is reduced by incorporation of an interfacial silicon nitride species, since nitrides are associated with the opposite sign of stress to oxides. 18 These results on SiC are consistent with the stress argument for the following reason: Stress in these systems is driven mainly by the large difference in Si concentration between the substrate and the dielectric. . Therefore, it is reasonable to assume that the Si and SiC systems have the same stress. If the driving force for N interfacial accumulation is stress reduction, N is expected to be found at both the SiO 2 /Si and SiO 2 /SiC interfaces, which is indeed the case. Nevertheless, more sophisticated analysis is required, as it is clear that ϳ1 monolayer of nitride is not sufficient for total stress reduction. Another point of view argues that interfacial N is the result of the strong Si bonding at the SiO 2 /Si interface. 19 Our results would be consistent with such a view provided that N bonding at the SiC interface is appropriately weaker.
In and an atomic concentration of ϳ0.5%. These values are an order of magnitude lower than comparably prepared SiO 2 /Si samples. As in SiO 2 /Si, a surface exchange of O in the gas phase with the oxide and NO diffusion and reaction at the SiO 2 /SiC interface are observed after a NO anneal. The surface exchange reaction for SiO 2 /SiC appears to be similar to SiO 2 /Si, confirming that the oxides themselves are chemically identical. However, the rate of N incorporation in SiO 2 /SiC is lower than in SiO 2 /Si, comparable to the different oxidation rates of Si and SiC. The incorporation of N near the interface provides a possible explanation for the better electrical characteristics of NO, compared to N 2 O, annealed SiO 2 /SiC structures. These results also strengthen the argument that stress reduction is responsible for nitrogen incorporation in oxide-semiconductor systems.
